Abstract. The use of lightweight construction material with high corrosion resistance and low cost plays an important role in the design and construction of marine structures such as waterfronts. One of the most common methods for strengthening the structures is composite fibre reinforced plastic (FRP) sheet that is used for member retrofitting including wood plastic composite (WPC). The WPC material is produced from wood and compressed resin, which has good mechanical properties as well as economic benefits. The main problem of WPC reinforced with FRP sheets is the debonding of the sheet from WPC surface, which leads to premature and non-economic failure in members. One of the existing methods to solve this problem is surface preparation. However, surface preparation of wood plastic composite has some additional problems, such as operational cost, environmental pollution, etc. Therefore, to avoid debonding, another method has been used, known as the grooving method at the lower parts of beams. The laboratory used 50 I-shaped specimens with the same geometrical and mechanical properties. Initially, some slots such as longitudinal, transverse and diagonal grooves were created on the surface of specimens and filled by an epoxy. All beams were armed using one or two layers of GFRP sheets embedded at the lower part and were tested under four-point flexural loading. Grooves of different shapes, various widths and depths as well as the number of reinforcement layers were determined for considering their effect on the beam's behaviour. The results expressed that the debonding of FRP sheets can be delayed by selecting the longitudinal grooves with certain width and depth, which also leads to resistance improvement.
Introduction
In the design and construction of waterfront structures, there is a need for development of a corrosion resistant, lightweight, cost effective and environmentally friendly structural material. In comparison to onshore structures, these structures always have a shorter life cycle.
Typically, such materials as steel, concrete and wood are used to build waterfront structures. As they are always exposed to damage such as corrosion and erosion, some parts require retrofitting and replacement to ensure health and durability of the structures. Thus, a lightweight option with high corrosion resistance and low cost is important for the design and construction of such structures as waterfronts. This might be the reason for the growing popularity of Wood Plastic Composites (WPCs), which are lightweight and resistant to deterioration and corrosion. As WPCs are obtained combining wood and plastic appendage, their recyclability is one of the most important advantages compared to traditional materials (Simonsen 1995; Lopez-Anido, Xu 2002; Ballerini 2004 ). An additional advantage is that a portion of WPCs can be produced from recycled plastic and wood waste. Hence, WPCs are used for some secondary waterfront structures, such as decks and rails. In order to use these materials as the main structural component, their properties and behaviours should be accurately considered. Modification of mechanical and physical properties of WPCs can lead to development of an industrial and non-deformable product. Reinforcement of structural components has become one of the main concerns for researchers. It should be done in a way that would allow complete use of all potential members and the resistance factor. In recent years, fibre reinforced plastic (FRP) composite material has been widely used in retrofit and rehabilitation of buil-dings and bridges due to its anti-corrosive, lightweight, ease of cutting and construction properties as well as high strength-to-weight ratio, high elastic modulus and high resistance to environmental degradation factors.
A number of researchers have applied these materials to strengthen the structures or wood framing members (Ogawa 2000; Dura et al. 2005) . Li et al. (2009) verified a flexural theory of retrofitted wood beams using the carbon fibre reinforced plastic (CFRP) composite material through a four-point bending test. Details of the flexural strength and mid-span vertical displacement of the CFRP-retrofitted wood beams with the performance of the CFRP sheets adhered to the tensile side are available in their report. Using experimental and theoretical methods, effectiveness of glass fibre-reinforced polymer into the vibration damping of glulam beams strengthened with GFRP was investigated by Naghipour et al. (2005) . Recent studies have shown that wooden structures reinforced with FRP composites have found applications in civil engineering including bridges, infrastructure applications, reinforced railroad ties, and repair of wood piles Gilfillan et al. 2003; Borri et al. 2005; Lopez-Anido et al. 2003; Fiorelli, Alves Dias 2003; Lopez-Anido, Karbhari 2000; Dagher et al. 2002; Lopez-Anido, Xu 2002; Pantelides et al. 2010 ). In recent years many studies have been implemented in the context of debonding phenomenon and the various methods such as surface preparation for its postponing. Nonetheless, it is still considered the most important issues on FRP that seem to have attracted many researches. Debonding problems stand as a critical barrier against a wide range of use of FRP composites in structural strengthening and repair applications (Buyukozturk et al. 2004 ). Toutanji and Ortiz (2001) used the sand and water spray system for surface preparation. The results indicate that the sample surface, which was roughened using the spraying system, had a more cohesive resistance compared to the sample that was roughened by conventional sand. In the same year, Galecki et al. (2001) evaluated the hardness measure and unevenness of concrete surface in cohesive strength; additionally, water jet system was examined for roughen. Finally, the results showed that high-pressure water jets increased the cohesive strength of specimens up to approx. 10% compared to specimens without surface preparation.
By the same token, Mostofinejad and Mahmoudabadi (2010) used the grooving method for surface replacement. The results showed that debonding from the plate surface was delayed or completely prevented in most cases. Experimental studies of recent years have shown that failure modes for WPC beams reinforced with FRP sheet are multiple; however, in a general division, they are divided into moment failure, shear and debonding ruptures, and can be expressed as (Naghipour et al. 2011): 1. Moment failure by rupture of FRP sheet; 2. Moment failure by crushing of WPC; 3. Shear failure; 4. FRP sheet debonding of the WPC. Naghipour et al. (2013) used longitudinal groove for attaching GFRP sheet to WPC surface. Finally, the result showed that the use of longitudinal grooves resulted in resistance improvement. One of the fundamental problems in beams strengthened by FRP sheet is the premature failure that leads to sudden debonding of the sheets before reaching their ultimate strength. The main reason for this early failure is unsuitable preparation of the surface of beams, on which that FRP composite is installed. Accordingly, preparation has to be done before connecting the FRP composite to WPC to eliminate poor surfaces and make an appropriate structure for FRP installation. In order to have a better view of this subject, a WPC connection to FRP is considered.
WPC/FRP bond joints, such as those in FRPstrengthened WPC structural members, can be idealised as a three-layered material system consisting of WPC, epoxy and FRP. In such system, crack can propagate in five regions -bulk WPC, FRP sheet, bulk epoxy, the interface between WPC and epoxy, and the interface between epoxy and FRP ( Fig. 1) . It is now known that debonding may occur as one of five possible modes as illustrated in Figure 1 . They are namely: (1) FRP delamination; (2) FRP/adhesive separation; (3) adhesive decohesion; (4) adhesive/WPC separation; and (5) WPC substrate fracture. The five failure modes can be broadly classified as two classes of failure: (a) material decohesion and (b) interface fracture. Failures (1), (3), and (5) are considered material decohesion while failures (2) and (4) are considered interface fracture. Among the five failure modes, WPC delamination is one of the most prominent types of failure that increases the importance of further studies on this subject.
Fig. 1. Five possible failure modes
The purpose of this research is to evaluate the grooving method including various shapes such as diagonal grooves, transverse grooves and longitudinal grooves, in the debonding control of beams reinforced by FRP sheets; compare their treatment such as Forcedisplacement diagram; determine the failure mode and the ultimate failure load by changing the width, depth, and shapes of grooves; and determine the number of reinforcement layers. Fifty samples were tested to determine their flexural characteristics. Three of the beams considered were un-reinforced WPC beams and the others were reinforced with varying layers of GFRP. Wood plastic beams were reinforced at the bottom surface of the beam with 1 and 2 layers of GFRP composite sheets. All beams were subjected to a four-point bending test with the application of identical loads located at intervals equal to one-third of the span, according to the ASTM D198-94 (2005) standard. ASTM D 198-94 (2005) is the standard test method, which was utilized to determine the properties of wooden beams. Figure 2 shows a schematic view of the four-point bending test for the hybrid WPC-FRP beam together with the cross-section dimension used in this work. 
Specimen detail and material characteristics
The specimens used in this study were 1300 mm-long beams with. Flexural strengthening of the WPC beam specimens was ensured using GFRP sheets cut into 50-mm-wide and 1300-mm-long strips and then adhered to the bottom side of the test beams. A number of coupon tests were established to obtain the mechanical properties and behaviour of WPC material in tension and compression as well as the mechanical properties of FRP in tension. The approach adopted to describe the properties of WPC was based on a series of standard tests. ASTM D638-03 (2004) is a standard test method to examine the stress-strain behaviour of WPC samples in uniaxial tension test. Moreover, the mechanical properties of WPC in compression were obtained through uniaxial compression test of ASTM D695-02a (2002) . The tensile specimens were 183 mm long, with the centre section of 6 mm width by 3.5 mm thickness and 57 mm length. Also, cross-section dimensions of the compressive specimen were 12.7×12.7 mm and 25.4 mm length. Figures 3 and 4 demonstrate the experimental stress-strain relationship of WPC in the tension and compression tests, respectively.
Ultimate stress, maximum strain and initial modulus of the WPC in tension and compression attained from the experimental tests, respectively, are shown in Tables 1  and 2 . In these tables, the initial elastic modulus was computed at strain of 0.001 for tension and 0.005 for compression. In general, FRP composite material is composed of two basic segments, fibre and matrix (epoxy resin). Glass fibres are the reinforcing materials in the FRP composite to provide high strength and modulus of elasticity.
The specifications of the GFRP composites are presented in Table 3 , which was provided by the supplier. This work involved external bonding of thin FRP sheets onto the tension zones of WPC beams using epoxy resins. The unidirectional fibre-reinforced polymers were glued to WPC with Epoxy adhesive using the wet application system. The specifications and testing standards of matrix (epoxy resin) used in this study are listed in Table 4 , which was provided by the manufacturer. 
Testing layout and procedures
The lamination process that can be used to fix the FRP sheet in WPC is manual. In this process, a surface primer is applied first to the WPC prepared surface to fill microcavities. After the primer is cured, the beam is eroded until the removal of a thin layer and then the grooves are created on specimens carefully. The grooves have to be cleaned from any dirt and dust by jet air.
The recommended resin is then mixed and applied to the WPC surface in a thin uniform layer using a roller. The epoxy resin consists of two parts of saturated A and B, which are mixed at a ratio of 100:50 by weight. At this stage, the grooves are filled with a suitable epoxy to achieve a smooth and uniform surface. After complete filling of grooves, a fibre sheet (pre-impregnated or dry) is cut to the desired length and width and pressed to the WPC using a "bubble roller". This helps getting rid of entrapped air between fibres and resin and ensures the impregnation of the FRP sheet with resin. Once the ply is installed, a second layer of impregnating resin is applied. In the case of multiple plies, the process is repeated.
Wood-plastic reinforced beams are categorised in 13 major groups based on the type of surface preparation and the number of reinforced layers by FRP: A; B1; C1; D1; E1; F1; G1; B2; C2; D2; E2; F2; G2.
The description of specimen specifications is provided in Table 5 .
As shown in Table 5 , beams in group A were without strengthening, groups B1 to G1 were strengthened with a layer of FRP sheet and groups B2 to G2 were strengthened with two layers of FRP sheets. There were three test specimens in each group. All specimens were strengthened with GFRP sheets except for the specimens in group A.
Specimens in group A were used as reference beams and had no strengthening. They were intended for comparison with other specimens used in the laboratory. Groups B1 and B2, respectively, were strengthened with one and two layers of FRP and had no surface preparation. Specimens that were reinforced by surface preparation were classified in groups C1 and C2 (Fig. 5 (a) ). Once a weak layer was taken from the beams, the specimens were cleaned using jet air in order to remove any constraints that would stand between the sheets and the beam surface. The other specimens were tested after subjection to alternative methods of surface preparation including transverse, diagonal, and longitudinal grooves. They were classified into groups D1-G1 with one reinforced layer and groups D2-G2 with two reinforced layers.
One alternative method of surface preparation used was transverse grooving (Fig. 5 (b) ). The specification of this method is presented in Table 5 . The grooves were then cleaned using jet air and later filled with epoxy resin. In addition to transverse grooving, in some specimens, diagonal grooves of 4 mm depth and 4 mm width at an angle of 45° spaced 50 mm apart were made and later filled as described above Figure 5 Figure 5 (d), the third type of grooving was also made in some specimens as the third type of alternative surface preparation. This involved longitudinal grooves of 4 mm width but with two different depths, i.e. 4 and 6 mm. These were similarly cleaned and filled for strengthening with FRP sheets.
(c). As shown in
The prepared specimens were subjected to the fourpoint flexural loading test. To measure the midspan displacement in the specimens, one Linear Variable Differential Transducers (LVDT) was used and the loaddisplacement curves were plotted for the specimens for further analysis.
It needs to be mentioned that loading was continued up to the ultimate failure of the specimens.
Experimental results
The experimental specimens used in this study were WPC specimens without reinforcement, strengthened with GFRP sheets and subjected to four-point flexural loading tests. An analysis of the results for each of 13 groups was carried out and the relevant loaddisplacement diagrams were drawn. Each diagram in this study included three curves, which represented all specimens in that group. 
Effect of WPC surface preparation
The failure mode of the specimen A (un-reinforced) was a flexural failure as the tensile region reached the ultimate tensile strength. Figure 7 represents the load-displacement curves for a number of specimens in the group A. The specimens that had no surface preparation and were strengthened with one layer or even two layers of sheets, (groups B1 and B2) had a higher ultimate rupture strength than those in the group A due to their flexural strengthening with FRP sheets. Loading in these specimens was also continued until the ultimate failure point.
As Figure 6 (a) provides, for the sheet to debond at the end part of the beam, the type of fracture and failure of the specimens attributed this beam group happened before reaching the ultimate strength and no rupture was detected in fibres. Figures 8 and 14 represent the loaddisplacement curves for a number of specimens in groups B1 and B2. Although in comparison to specimens without surface preparation the obtained ultimate failure strength was greater in the specimens with surface preparation prior to strengthening with polymer sheets, such as in groups C1 and C2, the sheet was separated from the surface in specimens with one reinforcing layer (group C1) due to insufficient connection between the plate and the WPC and failure to reach its ultimate strength. The beam reached its capacity only in one of the specimens with two reinforcing layers (Groups C1), but the debonding was also observed in other specimens (Fig. 6 (b) ).
Figures 9 and 15 represent the load-displacement curves for a number of specimens in these groups. The comparison of Figures 8 and 9 reveal the effect of surface preparation when installing FRP sheets in specimens strengthened with one layer of GFRP. Also, this issue was observed in specimens strengthened with two layers of GFRP sheets (Figs 9 and 15) . 
Effects of substitute methods of surface preparation
The ultimate strength of the samples with transverse and diagonal grooves was close to the samples with surface preparation (slightly lower). The great depth that was considered for these grooves to reduce the area of the beam's lower flange as well as failure to align with the longitudinal stress may be the reasons for this proximity (Fig. 6(c) and Fig. 6(d) ). The specimens had transverse and diagonal grooves, respectively. Their load displacement curves are shown in Figures 10 and 11 .
In addition, the load-displacement diagram for reinforced specimens with two layers of FRP and transverse and diagonal grooves are shown in Figures 16 and 17 .
In the specimens, for which longitudinal grooving methods were used instead of surface preparation, better performance was obtained and greater rupture strengths were obtained compared to specimens with conventional surface preparation (Fig. 6(e) ).
The specimens with longitudinal grooves of different depths, i.e. 4 and 6 mm, were attributed to groups F and G.
Figures 12 and 13 show load-displacement curves for specimen groups F1 and G1, respectively. Loaddisplacement diagram is shown in Figures 18 and 19 for reinforced specimens with two layers of FRP sheets and longitudinal grooves. Generally, these specimens exhibited greater ultimate failure strengths than the specimens in other groups such that longitudinal grooves showed enhancement of the ultimate rupture strength to a considerable degree compared to conventional surface preparation. Figures 20 and 21 show the comparison between the load displacement curves of FRP strengthened specimens with conventional surface preparation and various configurations of grooves. The figure clearly shows the superiority of grooving technique to conventional surface preparation for the increase of both debonding failure load and its corresponding displacement.
Discussion
The value for the average rupture strength in specimens lacking strengthening was 4.93 KN. In this research, for WPC beams reinforced with one layer of FRP sheet, average rupture strengths without and with surface preparation were up to 5.80 and 6.75 KN, respectively. Hence, it can be concluded that due to the strengthening with FRP plates, rupture strength increased up to 18% and due to surface preparation, rapture strength increased up to 16%. As for WPC beams that were reinforced with two layers of FRP sheet, their average rupture strengths without and with surface preparation was up to 9.67 and 10.63 KN, respectively, which shows the increase of 96% due to strengthening with FRP plates and 10% due to strengthening and surface preparation.
For WPC beams reinforced with one layer of FRP sheet and transverse and diagonal grooves, the average ultimate strength values were 6.52 and 6.21 KN. For WPC beams reinforced with two layers of FRP sheet and transverse and diagonal grooves, the average ultimate strength values were 10.96 and 10.79 KN. The use of longitudinal grooving in samples with one and two reinforcing layers with FRP sheets showed higher rupture strengths, compared to specimens without surface preparation. This was observed during the comparison of different groups (Figs 22 and 23) .
The average rupture strengths in samples with one reinforcing layer with FRP sheets and longitudinal grooving at 4 and 6-mm depths were 6.78 and 7.74 kN, respectively, which represents an increase of 17% and 33% compared to those specimens without surface preparation. The result for these grooves in samples with two layers of FRP sheets was 12.15 and 10.91, which represents an increase of 26% and 13% compared to specimens without surface preparation. To justify the postponing effect of grooving technique on the debonding of FRP sheets from WPC surface, it can be said that one major reason for the poor bonding of sheets and WPC surface is the lack of adequate contact area between these two surfaces. By eliminating this inadequacy and increasing the contact area between the epoxy resin and the sheet (along the stresses created in the sheet, which is longitudinal), higher rupture loadings are expected to be obtained. Longitudinal grooving creates the higher contact area required, delaying the debonding and creating a higher rupture loading capacity. The results show higher loading capacity in specimens with longitudinal grooves; this can be contributed to their contact area being parallel to interfacial bond stress between the FRP sheets and WPC substrate. It needs to be mentioned that the depths of 4 and 6 mm were only arbitrarily chosen, which could be varied in order to obtain the optimum depth with the highest possible ultimate strength. 
Conclusions
Based on the analysis of results obtained from flexural strengthening of beams, their surface preparation, and the grooving methods used as a substitute method for "surface preparation" in this study, the following conclusions are drawn:
1. WPC surface preparation increased the ultimate failure strength up to 18% compared with the samples without the surface preparation. This percentage would be approx. 10% for the reinforced samples with two layers of FRP sheets. It is likely that the beam has not yet reached its ultimate strength and the complete debonding occurred.
2. Despite the fact that transverse and diagonal grooving, increases the contact area between the adhesive and WPC, the beam's strength is reduced due to the small difference between the flange thickness and depth of grooves, which could neutralise the increased strength.
3. Longitudinal grooving caused a considerable increase in ultimate rupture strength by increasing the contact area between the epoxy resin and the underlying WPC layer along the longitudinal stresses, so that longitudinal grooves of 4 mm depth caused an increase of 3% in the ultimate rupture strength in specimens with one layer of FRP and 22% in specimens with two layers of FRP as compared to specimens with only surface preparation. This increased the load capacity in specimens with one layer of FRP and longitudinal grooves of 6 mm depth up to 14%, and 3% in specimens with two layers of FRP as compared to specimens with only surface preparation. These longitudinal grooves caused the strain in FRP sheets to reach its maximum value so that the sheet was ruptured. This indicates that longitudinal grooves with adequate depth may completely prevent debonding.
